Pseudomonas aeruginosa produces the quorum signal 2-heptyl-3-hydroxy-4-quinolone (Pseudomonas quinolone signal), which is important for stimulating outer membrane vesicle (MV) formation. Here we describe the importance of the 3-hydroxyl and 2-alkyl chain for MV production and the length of the 2-alkyl chain for association with MVs.
It is clear that bacteria do not act as single entities but as communities wherein they communicate to coordinate group behaviors. This phenomenon, known as quorum sensing (QS), utilizes signaling molecules derived from central metabolic intermediates (19) . These small molecules exit the bacterial cells and are trafficked to other cells within the population. Upon reaching a threshold concentration, often indicative of achieving a particular cell density, these signals cause changes in gene expression (19) .
Many bacteria are thought to utilize QS, frequently producing multiple signaling molecules important for inter-and/or intraspecies communication. Acyl-homoserine lactone (HSL) signals bound by their cognate transcriptional regulators constitute the most widespread intraspecies QS system in gramnegative bacteria, exemplified by the opportunistic pathogen Pseudomonas aeruginosa. P. aeruginosa utilizes two HSL QS systems, referred to as the las and rhl systems. The las system involves production of the signaling molecule N-(3-oxododecanoyl)-L-homoserine lactone (3OC 12 -HSL) by the LasI synthase and sensing of this molecule by the transcriptional regulator LasR (19) . The rhl system of P. aeruginosa is similar to the las system, involving the synthesis of N-butyryl-L-homoserine lactone (C 4 -HSL) by RhlI and sensing by RhlR (19) . C 4 -HSL is thought to freely diffuse out of bacterial cells (11) , whereas export of the more hydrophobic 3OC 12 -HSL is aided by the efflux pump MexAB-OprM (5, 20) . P. aeruginosa also produces a third, non-HSL signaling molecule, 2-heptyl-3-hydroxy-4-quinolone ( Fig. 1) , termed the Pseudomonas quinolone signal (PQS) (21) . Unlike HSLs, PQS is thus far unique to P. aeruginosa. PQS, through binding to the transcriptional regulator PqsR (MvfR), enhances the expression of a number of virulence factors (4, 8) ; thus, PQS is required for P. aeruginosa virulence in several models of infection (10) . Together, 3OC 12 -HSL, C 4 -HSL, and PQS constitute a complex signaling network that controls the expression of more than 300 genes (2, 22, 23) .
Along with PQS, P. aeruginosa produces more than 50 additional 4-alkyl-quinolones (also referred to as 4-alkyl-quinolines), some of which have antimicrobial activities and many whose functions are unknown (3, 14, 15) . P. aeruginosa 4-alkylquinolones, including the immediate precursor to PQS, 2-heptyl-4-quinolone (HHQ) (Fig. 1) , are synthesized by a head-tohead condensation of anthranilic acid and ␤-keto fatty acid (1, 3) . Although the reaction mechanism is not fully elucidated, proteins encoded by the pqsABCD operon are likely involved. HHQ is hydroxylated by the putative monooxygenase PqsH to form PQS (1, 3). Xiao et al. have shown that PQS and HHQ act as signaling molecules through binding to PqsR, although PQS has more potent signaling activity (24) .
Due to its hydrophobic nature, PQS is unlikely to freely diffuse out of bacterial cells. In support of this notion, we recently demonstrated that PQS is packaged within membrane vesicles (MVs) liberated from the outer membrane of P. aeruginosa (16) . These spherical, bilayered vesicles generally range in size from 50 to 250 nm in diameter and are naturally produced by most gram-negative bacteria (13, 18) . Although the mechanism of MV production in P. aeruginosa is not known, we provided evidence that inactivation of pqsH results in significantly reduced MV formation by P. aeruginosa (16) . MV formation by the pqsH mutant could be restored to near wild-type levels by the exogenous addition of PQS, although interestingly, PQS signaling was not required (16) . Based on these findings, a model was proposed in which PQS initiates MV formation by interacting with the lipid A component of lipopolysaccharide (LPS), the primary lipid in the outer leaflet of the gram-negative bacterial outer membrane. We provided support for this model using a series of biophysical techniques that conclusively demonstrated the interaction of PQS with lipid A (17) . This interaction requires the 2-alkyl and 3-hydroxyl groups of PQS, as their removal significantly diminishes PQS-lipid A interactions (17) . The goal of the present study is to expand on these initial studies by examining the role of the 2-alkyl and 3-hydroxyl components of PQS in stimulating MV production and packaging into MVs.
To determine their importance for MV formation, PQS and HHQ derivatives with alkyl chains of various lengths were chemically synthesized (Syntech Solutions, San Diego, CA) ( Fig. 1 ). Aside from 2-pentyl-4-quinolone (HHQ-C 5 ), these molecules are not naturally produced by P. aeruginosa at detectable levels (14) . Each molecule was examined for its ability to stimulate MV formation by a P. aeruginosa pqsA pqsH double mutant as outlined previously by Mashburn-Warren et al. (17) . This mutant strain is unable to produce or perform known modifications to P. aeruginosa 4-alkyl-quinolones and consequently produces low levels of MVs. Preparation and quantification of MVs from the wild type and the pqsA pqsH mutant grown with and without the addition of quinolones were performed as described previously (17) . All quinolones were added at biologically relevant concentrations (50 M), and methanol, the quinolone solvent, was used as a control. PQS derivatives with alkyl chains of three and five carbons induced MV formation, although to a lesser extent than PQS ( Fig. 2A) . As expected, the addition of HHQ and HHQ derivatives did not provoke statistically significant increases in MV formation ( Fig. 2A and B and data not shown). Although 3-hydroxy-4-quinolone (PQS-C 0 ) did not induce MV formation at 50 M, it did significantly induce MV formation when the concentration was increased to 100 M or 200 M, while increasing the levels of 4-quinolone (HHQ-C 0 ) had no effect (Fig. 2B) . Transmission electron microscopy of quinolone-induced MV preparations revealed they were the same size and shape as naturally produced MVs from wild-type P. aeruginosa (data not shown). These data support a model in which the third-position hydroxyl of PQS is absolutely critical to initiate MV formation, while the alkyl group, although important for the potency of the MV-inducing activity of the molecule, is dispensable.
Over 95% of naturally produced PQS has been shown to be associated with MVs and bacterial cells within a planktonic P. aeruginosa culture (16) . Based on these experiments, we were interested in examining whether the alkyl chain length affected the localization of PQS. To determine the localization of PQS and its derivatives, thin-layer chromatography (TLC) and highperformance liquid chromatography (HPLC) were used. P. aeruginosa PA14 was grown in the presence of PQS and its derivatives (HHQ and its derivatives were also used as controls). Exponentially growing cells were pelleted by centrifugation, and supernatants were passed through 0.45-m filters and ultracentrifuged to collect MVs. This process, specifically filtration and the use of exponentially growing P. aeruginosa PA14, is critical to minimize contamination of MV preparations with lysogenic bacteriophage and extracellular flagella. Volumes of 500 l of the resuspended cell pellet and cell-free supernatant were extracted with 1.5 ml acidified ethyl acetate, while concentrated MVs (250 l) were extracted with 1 ml of a Quinolones were added to the P. aeruginosa pqsA pqsH mutant, and localization was determined as described previously (17) . Data represent the average and standard deviation of the results of triplicate experiments. (14) is provided as a reference. Error bars represent the standard error of the mean for triplicate experiments. * , P of Ͻ0.05 by Student's t test, compared to the no-addition control (Ϫ). OD 600 nm , optical density at 600 nm. acidified ethyl acetate. Extracts were then evaporated under a continuous stream of N 2 . After the various extracts were concentrated two-to sixfold by resuspension in methanol, 10-l samples were analyzed by TLC. TLC was performed as described previously (21) , with a 95:5 dichloromethane-methanol solvent system (6) . TLC plates were analyzed under UV excitation with a Syngene G:box (Syngene, Frederick, MD). Percentages of PQS and PQS derivatives in each fraction were calculated with the Syngene Genetools software (Syngene, Frederick, MD), using synthetic quinolones as standards. Because of the difficulties in analyzing HHQ by TLC, HPLC was used to determine the localization of HHQ and its derivatives within the cell culture. Dried extracts were resuspended in 250 l of methanol, of which 50 l was injected into a Varian Pro Star HPLC system fitted with a Varian Pursuit 5 C 8 ChromSep HPLC column. Elution was carried out with a gradient of 30 to 100% methanol over a 50-min period with a 1-ml/min flow rate. Percentages of quinolones were determined by measuring peak absorbancies at 233 and 338 nm. The results revealed that around 90% of the PQS derivatives with C 0 and C 3 alkyl chain lengths were present in the MV-free supernatant, while 85% of PQS and 52% of the 2-pentyl-3-hydroxy-4-quinolone (PQS-C 5 ) derivative were associated with the cells and MVs (Table 1) . It is of note that there appears to be enrichment of PQS and PQS-C 5 in MVs, as essentially equal amounts of these molecules are found associated with MVs and cells despite the fact that MVs likely comprise less than 1% of the total outer membrane of planktonic cultures (9, 12, 13) . As expected, more than 90% of the HHQ derivatives were present in the MV-free supernatants, whereas HHQ was found in the supernatants (69%) or in association with bacterial cells (31%). Collectively, these data indicate that the length of the PQS alkyl chain and the presence of the third-position hydroxyl are critical for localization with bacterial cells and MVs.
The observation that PQS-C 0 and 2-propyl-3-hydroxy-4-quinolone (PQS-C 3 ) show reduced association with bacterial cells and MVs correlates well with recent fluorescence resonance energy transfer (FRET) studies from our laboratory demonstrating that PQS readily integrates into LPS while HHQ and PQS-C 0 do not (17) . Based on these studies and the localization data in Table 1 , we hypothesized that PQS-C 3 incorporation into LPS would be reduced, while PQS-C 5 would incorporate into LPS in a manner similar to PQS. To test incorporation into P. aeruginosa LPS, FRET analysis was performed as previously described (17) . The results indicated that PQS-C 3 integration into LPS was significantly reduced compared to that of PQS (Fig. 3) , similar to what was observed for PQS-C 0 (17) . In contrast, PQS-C 5 demonstrated increased integration compared to that of PQS-C 3 , nearly to the same level as that of PQS (Fig. 3) . These results suggest that the length of the alkyl chain is critical for stable integration into LPS and establish a five-carbon alkyl chain as the minimum requirement for notable association with cells and MVs and for integration into LPS.
PQS is a unique signaling molecule in that it is not only involved in cell signaling but also stimulates MV formation and remains associated within MVs. This investigation has provided new insight into the multifunctional nature of PQS, specifically the importance of the hydroxyl group and alkyl chain for stimulating MV formation. While both constituents are important for MV formation, our results suggest that the thirdposition hydroxyl is absolutely critical for stimulating MV formation and for association with MVs. This is not surprising, as our previous studies provided proof that this hydroxyl, along with the alkyl side chain, was critical for interaction with LPS (17) . However, this is in contrast to the importance of these constituents for PQS signaling, in which the alkyl chain is absolutely critical to induce PQS-controlled genes (7). Although the manner by which PQS-LPS interactions stimulate MV formation is not fully elucidated, these studies support a model in which interactions governed by the PQS alkyl chain and hydroxyl group are critical for this process. 
